Abstract. We have measured emissions of CH3C1, CH3Br, and (CH3)2S (DMS) from Holstein cows. In one experiment, two cows were studied in separate metabolic research chambers for a 24-hour period while on a normal diet and were studied for an additional 24-hour period 1 week later after being placed on a diet enhanced in chloride and 
Introduction
The budgets of atmospheric CH3Br and CH3C1 are not well established. Perhaps the most useful constraint on the total annual sources or sinks is the relationship between the atmospheric residence time Tr, the global atmospheric burden B, and sources or sinks; that is, sources = sinks=B/Tr (•) Equation (1) is only approximately true for several reasons; it assumes steady state and that the gas in question is well mixed. Equation (1) is more accurate for gases with Tr greater than the time constant for exchange between the Northern and Southern Hemispheres, which is about 0.8 year [Prather et al., 1987] . The most reliable quantity in (1) is the atmospheric burden: 145 Gg of CH3Br (1 Gg = 10 9 g) and 5000 Gg of CH3C1 (these data are from Butler [1994] , Khalil et al. [1993] , and Singh et al. [1983] and are probably accurate to within Gg yr -x [Yvon-Lewis and Butler, 1997 ]. Alternatively, current sink estimates may be too large; for relevant data and discussion of individual sources and sinks, see Yvon and Butler [1996] and Butler and Rodriguez [1996] . Briefly, major sources are thought to be biomass burning and emissions from fumigated agricultural soils. The burning of leaded gasoline as a source is highly uncertain, and the world's oceans appear to be a net sink for atmospheric CH3Br [Lobeft et al., 1995; Yvon and Butler, 1996; Yvon-Lewis and Butler, 1997] .
Current information implies that
For atmospheric CH3C1, T r is ---1.5 years, implying that total sources must be 3.5 Tg yr -x (1 Tg = 1012 g). Weisenstein et al.
[ Figure 1 . The volume of the cow chamber was 14,000 L. The air flow rate through each chamber was controlled as described in the text. A teflon tube was placed inside the pipe which directed the incoming air, and the other end was connected to a port located on the side of the chamber. This allowed sampling of the air just before entering the chamber. The other port was used to sample air in the chamber. The gas-analysis system monitored oxygen, carbon dioxide, and methane. Wastes were dropped through an opening on the floor just behind the cow leading to a waste-separating device on the floor below.
the total [Moore et al., 1996] . Thus, at present, we have unsatisfactory understanding of the sources and possibly the sinks of these methyl halides; identified sources of CH3Br and CH3C1 do not appear to be enough to explain their atmospheric amounts.
The possibility that a significant CH3Br source is yet unidentified and the fact that CH3C1 sources are not well studied led us to ask if emissions of these gases from cows could be important. Several facts led to this idea. First, the rumen (a part of the digestive system of ruminant animals like cows) functions as a continuous fermentor; anaerobic microbes permit relatively efficient energy extraction from low-grade, highcellulose food. Fermentation products include acetate, propionate, butyrate, CO2, and CH 4. Methane production by cows is reasonably well quantified [Kleiber et al., 1945 With such a dearth of information in the scientific literature, a direct experimental approach seemed necessary. Accordingly, we decided to mount experiments to quantify these emissions, using existing chambers where cows are studied under controlled conditions; in such experiments, considerable benefit can be drawn from knowledge of methane emissions. By placing a cow inside a chamber of known volume and measuring the ventilation rate of the chamber and the amount of each gas of interest in the chamber, one can calculate the cow's emission of each gas. In the course of our research on the methyl halides, we discovered emissions of dimethyl sulfide (DMS), chloroform (CHC13), and chloroethane and bromoethane, C2HsC1 and C2HsBr, respectively.
Experiment
The experiments were conducted at the National Institute of Animal Industry, Ministry of Agriculture, Forestry and Fisheries in Tsukuba, Japan, in the Energy Metabolism Laboratory. Cows were placed in separate flow-through type chambers [Iwasaki et al., 1982] where the flow rate, temperature, and humidity were monitored every 5 min. The concentrations of oxygen, carbon dioxide, and methane in each chamber were also measured at 5 min intervals by a gas-analyzing system. These samples were then shipped to the University of California at Irvine for analysis. Of each sample, 250 mL were preconcentrated at 142 K in a glass-bead packed stainless steel sample-injection loop immersed in an n-pentane/liquid nitrogen bath, thermally desorbed, and directly injected onto a 25 m x 0.53 mm Poraplot-O column (Chrompack). Detection was by mass spectrometry (UNICAM automass model 150) in the selective ion-monitoring mode (mass charge ratio (m/z) = 50 for CH3C1 and m/z = 94 for CH3Br ). Varying amounts of calibration gas (9.68 ppb CH3Br and 479 ppb CH3C1 from Scott Specialty Gases) were used to build a calibration curve; excellent linearity was achieved over the range of 0.31-1.03 ng for CH3C1 and 9.5-48.5 pg for CH3Br.
The amount of gas X emitted by the study cow in a 24-hour period is the difference of two terms, namely, the amount of gas X leaving the chamber in the outward flow F o minus the amount of gas X entering the chamber in the incoming flow Fi.
That is,
•024 •024 emissions per day = fchrnbr(t) Fo(t) dtfiaF,(t) dt (2)
where fchmbr is the mole fraction of gas X measured in the chamber at time t and fia is the mole fraction of gas X measured in the incoming air at time t. This expression can be simplified because Fo(t ) = Fi(t ) = F, in particular,
•0 24
Three separate experiments were conducted. The first, in April 1996, used cows 309 and 339 in 24-hour studies with regular diets described in Table 1 . Immediately following the first experiment with the regular diet, sodium halide (NaBr and NaC1) solution was added to each cow's diet by pouring the solutions into a port on the side of the cow leading to the rumen for 8 days prior to the second experiment to check if emissions were elevated (see Table i In the April 1996 study, we took 119 samples, but we discarded 20 of them for the following reasons. In the first experiment (i.e., regular diet), at different times of day, we sampled chamber air simultaneously with pairs of evacuated flasks. In each case, one flask was simply filled to ambient pressure, and the other was pressurized to 1.7 x 10 -s pascal, with a teflonvalved oilless, greaseless compressor (KNF Neuberger). In six cases of these paired samplings the unpressurized flask yielded higher concentrations than its pressurized replicate. Pressurized samples are more reliable in analyses of this type (because the number of contained gas molecules exceeds the number of active surface sites of the canister walls), so we discarded the measurements from unpressurized flasks that did not agree with their pressurized partners. Because these six flasks were from a batch of new flasks that had not been tested adequately before deployment, 11 other data points from such flasks were also discarded. Three other data points were discarded for other reasons; for example, MeBr concentrations were higher in incoming air than in the chamber, and no replicate sample was available. The other trace gases studied were not affected. The third and final experiment was conducted in June 1997 on two different cows, 434 and 956, whose sizes and diets are described in Table 2 (Table 4) also fall into this same range. The data in Table 3 CH 4 emissions were enhanced for both cows 309 and 339 with the regular diet compared to the halide diet. It is possible that some of the observed elevation in concentration measured in the chambers for the gases of interest was due to gases produced in the waste reservoirs beneath the floors of the chambers. However, note that concentrations of each gas increased just after feeding times (Figures 2-6 ), implying that direct emissions from the cows were dominant. To investigate the possibility of significant emission from the dropped animal wastes, we performed experiments on the waste reservoirs after the June 1997 chamber studies. The reservoir beneath cow 434 collected 29 kg of waste (wet weight), while the reservoir beneath cow 956 collected 21.6 kg. We covered these waste reservoirs and extracted air samples after 1 hour and 2 hours; no measurable increases with time were observed for CH3 X (X = C1 or Br). C2HsX concentrations did increase above background levels but not greatly. Accordingly, we will use (3) above as if direct emissions of gases from the cows caused the elevated concentrations in the metabolic chambers even though gases lost from the wastes dropped by each cow could have added slight amounts to those emitted directly.
During sample analysis when we operated the Gas Chromatograph/Mass Spectrometer in its full-scan mode, we discovered unknown gases which we identified to be DMS and chloroform. We subsequently used mass 62 and mass 47 in the single ion-monitoring mode for DMS and CHC13, respectively. (Table 3) . Comparing the results between the regular and halide diet, both cows showed greater emissions of DMS, CHC13, and CH3C1 when on the regular diet.
In both experiments with cow 309 we observed elevated concentrations of chloroethane, C2H5C1 , and bromoethane, C2HsBr, but we did not quantify the daily emissions of these compounds. In the June 1997 experiments we did not attempt to measure DMS and chloroform but we did detect and quantify C2HsX (X = C1 or Br). Cow 434 emitted 0.5 mg C2HsC1 and 0.03 mg C2HsBr per day, while cow 956 emitted 0.05 mg C2HsC1 and no C2HsBr; see Table 4 In addition, emissions of CH3C1 from cattle were not a significant source.
In conclusion, this paper indicates that global emissions of CH3C1 and CH3Br from cows are not important sources for the atmosphere and that DMS from cows may be of interest to regional atmospheric chemistry. The emissions of CHC13 and DMS that we detected from cows are probably not of global atmospheric interest, but they may be useful indicators of processes important to those who study animal nutrition and ruminant microbiology and biochemistry. Dimethyl sulfide emitted from cattle may also be of interest to those studying regional atmospheric chemistry near feedlots.
